Contractile agonists can mobilize Ca 2+ from both intracellular and extracellular stores in smooth muscle. This study addresses the role of Ca 2+ mobilization as it relates to the complex manner by which Ca 2+ regulates the contractile system in smooth muscle. In swine carotid media, both histamine and phenylephrine produced initial rapid increases in myosin phosphorylation and stress. Stress was sustained for the duration of the stimulus while myosin phosphorylation slowly declined to steadystate levels. Removal of extracellular Ca 2+ or elimination of cellular Ca 2+ influx did not dramatically reduce the initial rapid increase in myosin phosphorylation produced by either agonist but reduced steady-state levels of myosin phosphorylation to basal values. Initial rapid increases in stress were seen, but stress was not maintained. Following depletion of Ca 2+ from sarcoplasmic reticulum, muscle activation by Ca 2+ influx in the presence of phenylephrine occurred without an initial transient in myosin phosphorylation, and stress developed slowly. Steady-state levels of myosin phosphorylation and stress were not different from control values. Similar results were obtained with histamine, although a small transient in myosin phosphorylation was also seen. These results are consistent with the hypothesis that the role of the sarcoplasmic reticulum in vascular smooth muscle is to provide high myoplasmic Ca 2+ concentrations causing extensive myosin phosphorylation and rapid crossbridge cycling leading to rapid stress development. In the presence of extracellular Ca 2+ , control levels of agonist-induced steady-state stress and myosin phosphorylation could be produced without an initial phosphorylation transient when intracellular Ca 2+ pools were depleted, suggesting that the sarcoplasmic reticulum is not required for the regulation of steady-state myoplasmic [Ca 2+ ] during "latch." (Circulation Research 1987;60:410-421) A major advance in the understanding of activation / \ of smooth muscle stems from recent studies X \ . by the Somlyos and their collaborators, which has led to the conclusion that " . . . the sarcoplasmic reticulum is the organelle primarily responsible for the physiological regulation of cytoplasmic Ca 2+ ."' Morphometric analyses have shown that the extent of the sarcoplasmic reticulum as a function of cell volume is extensive and can riyal that of skeletal muscles. 2 The direct measurementof calcium by electron probe microanalysis has demonstrated that a significant quantity of Ca 2+ caff be released from the sarcoplasmic reticulum on agonist stimulation, implying that maximal contractions can be supported by Ca 2+ from this pool' 34 Most importantly, a second From the .-
messenger system has recently been described for smooth muscle, 56 thus providing a link between receptor occupancy and release of Ca 2+ from the sarcoplasmic reticulum.
A large body of evidence suggests, however, that extracellular Ca 2+ is critical for contraction of smooth muscle. 7 Contractions elicited in the absence of extracellular Ca 2+ or in the presence of Ca 2+ channel blockers are transitory. 8 "" By comparison, frog slow skeletal muscle can contract tonically in the absence of extracellular Ca 2+ . 12 Several reports suggest that mobilization of intracellular Ca 2+ may be transient in many smooth muscles, despite the fact that these muscles can contract tonically for long periods of time. 13 " 16 These findings imply a critical dependence of stress maintenance on extracellular Ca 2+ . Slowly contracting muscle cells with small diameters and large surface-areato-volume ratios have no apparent requirement for a sarcoplasmic reticulum, which comparative studies suggest is a specialization to shorten diffusional distances for Ca 2+ . 17 These considerations pose a question: What role does sarcoplasmic reticulum play in activation of smooth muscle?
A potential explanation for the presence of a highly developed sarcoplasmic reticulum is that it has little to do with diffusion times per se but reflects the differing and more complex ways in which Ca 2+ regulates the contractile system in smooth muscle. In brief, the contractile response of smooth muscles to an agonist has two phases. The initial phase is characterized by high myoplasmic [Ca 2+ ], high levels of myosin phosphorylation, and rapid crossbridge cycling and stress development. This is followed by a transition to a steady-state response (the "latch" state, 18 ) typically characterized by reduced myoplasmic [Ca 2+ ], crossbridge phosphorylation, crossbridge cycling rates, and ATP consumption but maintained stress. 19 It is clear that the membrane systems controlling activator [Ca 2+ ] in smooth muscle must be capable of generating an initial Ca 2+ transient and regulating the concentration of myoplasmic Ca 2+ very precisely at submicromolar concentrations during sustained responses.
This study was undertaken to test the hypothesis that the sarcoplasmic reticulum contains a pool of Ca 2+ that is rapidly mobilized on activation to transiently increase myoplasmic [Ca 2+ ] to levels significantly activating myosin light chain kinase. This is basically postulating that the sarcoplasmic reticulum functions much like it does in skeletal muscle to release its Ca 2+ stores on activation. No [agonist]-dependent ability to regulate myoplasmic [Ca 2+ ] is postulated for the sarcoplasmic reticulum. It is further hypothesized that the sarcolemma provides the steady-state [agonist]-dependent regulation of myoplasmic [Ca 2+ ] during sustained contractions.
Materials and Methods

Tissue Preparation
Swine carotid arteries were obtained after slaughter and stored overnight in cold (0-4° C) physiological saline solution (PSS, composition in mM: 140 NaCl, 4.7 K G , 1.2 MgSO 4 , 1.6 CaCl 2 , 1.2 Na 2 HPO 4 , 2.0 morpholinopropanesulfonic acid (MOPS) [pH 7.4 adjusted for 37° C], 0.02 Na 2 ethylenediamine tetraacetic acid (EDTA), and 5.6 d-glucose). Following removal of the adventitia, the medial preparations were cut into strips 2-4 mm wide and mounted for measurement of isometric contraction and myosin phosphorylation as described previously. 20 These preparations characteristically lack endothelial cells. Strips were allowed to equilibrate at 37° C for 1 hour at approximately 0.8 L o (L o is the optimal length for stress development). L o was determined for each strip using an abbreviated length-tension curve 21 with K + as agonist (109.6 mM KC1 substituted isosmotically for NaCl). Tissue crosssectional area and active stress values were calculated as described previously. 18 A mean tissue thickness of 491 ± 38 (j.m was determined morphometrically using 5 carotid media preparations stretched to L o . This value was used for calculations of tissue Ca 2+ diffusion. The tissues were fixed at L o with 1.5% glutaraldehyde in Hank's PSS (HPSS) and postfixed with osmium tetroxide in HPSS. Cell shrinkage using this technique is minimal. 22 Sections 2 /xm thick were cut from the center of the tissue and stained with toluidine blue for visualization under light microscopy. Tissue thickness was measured using a calibrated eyepiece micrometer.
Myosin Phosphorylation
Muscle strips at L o were quick-frozen at prescribed times in an acetone-dry-ice slurry, slowly warmed in acetone to room temperature, 23 and homogenized in 1% sodium dodecyl sulfate (SDS), 10% glycerol, and 20 mM dithiothreitol. Isoelectric variants of the 20 k dalton myosin light chains were separated by twodimensional electrophoresis, and the relative amount of Coomassie Brilliant Blue R-stained phosphorylated and nonphosphorylated light chains in two-dimensional (SDS/isoelectric focusing) polyacrylamide gels were quantified by scanning densitometry. 20 
Maximum Shortening Velocity
Muscle strips were glued (cyanoacrylate) at one end to an aluminum foil tube weighing less than 40 mg, and the other end was clamped to a stainless steel rod attached to a micrometer used in the initial determination of L o . The aluminun foil tube was attached to the lever arm of a Cambridge Technology model 300H dual mode servo lever (Cambridge, Mass.). Characteristics of the lever system were 0.02 fim/g compliance, 0.1% position signal linearity, and a 1.0-millisecond step response time (100%). The electronic lever system was interfaced to a NorthStar Horizon computer. A software package (ALETA, copyright Peter L. Becker, Worcester, Mass.) provided control of the lever arm and data acquisition and analysis. The system has a force resolution of 25 mg, a length resolution of 2.5 fim, and can acquire data at a rate of 2-2.4 kHz. The maximum rate of crossbridge cycling (V o ) was estimated from the linear transform of hyperbolic force-velocity data obtained by isotonic quickrelease. 24 
Drugs and Solutions
Histamine dihydrochloride, L-phenylephrine hydrochloride, caffeine, and lanthanum chloride were obtained from Sigma Chemical Co., St. Louis, Mo. Caffeine was dissolved in PSS. Lanthanum chloride was dissolved in phosphate-free PSS. Calcium-free PSS was made by substituting ethylene glycol bis-(beta-aminoethyl ether) N,N,N',N'-tetraacetic acid (EGTA, Sigma Chemical Co.) for CaCl 2 to produce a final total [EGTA] of 1 mM. EGTA was added from a stock solution that was made to be nominally 0.1 M total [EGTA]. The purity of each batch of EGTA was tested using Scatchard analysis, 25 and the actual stock molarity was corrected accordingly. Ca 2+ was added to Ca 2+ -free PSS in "Ca 2+ -depletion" experiments by changing the solution bathing muscle strips to a Ca 2+ -EGTA PSS. This solution contained 1 mM EGTA plus 2.3 mM CaCl 2 , (made from CaCO 3 and HC1) providing the desired level of free [Ca 2+ ] (1.3 mM) as determined by analysis of multiple equilibrium of metal/ EGTA binding 26 
Statistics
Data are shown as means ± 1 SEM. The null hypothesis was examined through one-way analysis of variance and Duncan's multiple range test or through Student's t test and was rejected at p<0.05.
Results
Activation From Intracellular Ca 2+ Pools
Histamine elevated myosin phosphorylation to 72% within 1 minute ( Figure IB ) and caused a rapid increase in stress ( Figure 1A ). With histamine still pres- ent, myosin phosphorylation declined slowly to 39% within 40 minutes, while stress was maintained (1.04 S o ). During Ca 2+ influx blockade by 1.0 mM lanthanum chloride (La 3+ ), myosin phosphorylation was increased to 48% within 1 minute of stimulation with histamine but then fell rapidly to 10% within 10 minutes ( Figure IB) . Stress developed rapidly but fell to low values by 40 minutes ( Figure 1A ). Muscle strips incubated in Ca 2+ -free PSS (0 mM Ca 2+ + 1 mM EGTA, data not shown) or in PSS containing elevated [Mg 2+ ] or 0.1 mM La 3+ responded to histamine in a manner qualitatively similar to muscle strips exposed to 1.0 mM La 3+1 (Figure 1 ). Under control conditions, phenylephrine produced initial rapid increases in stress ( Figure 2A ) and myosin phosphorylation (44% at 30 seconds; Figure 2B ). Myosin phosphorylation then fell slowly to steadystate levels (around 15%) while stress was largely maintained (0.74 S o ). In the presence of 0.1 mM or 1.0 mM La 3+ , phenylephrine produced initial increases in stress ( Figure 2A ) and myosin phosphorylation (26% and 27% at 30 seconds; Figure 2B ), but both values slowly fell to basal levels.
Although steady-state levels of myosin phosphorylation produced by either agonist were reduced to basal values by 1.0 mM La 3+ , the earliest measured levels of phosphorylation were depressed from control values by only 33% (histamine) and 36% (phenylephrine). These data suggest that a large portion of the early transient in myosin phosphorylation was the result of an increase in myoplasmic [Ca 2+ ] caused by mobilization of intracellular Ca 2+ .
Effect of Incubation in Ca 2 +-Free PSS
To further characterize the ability of carotid smooth muscle to undergo activation by mobilization of intracellular Ca 2+ , strips of muscle were incubated in 0 mM Ca 2+ + 1 mM EGTA for different times, then stimulated for 1 minute with either 109.6 mM KC1, 100 fxM histamine, or 100 ^iM phenylephrine and quick-frozen. Myosin phosphorylation and active stress were measured as indexes of activation.
When plotted on a semi-logarithmic scale, the data illustrate that the ability of each agonist to activate muscle strips in Ca 2+ -free PSS fell exponentially with increasing times of incubation ( Figure 3 ). The levels of histamine-induced phosphorylation in strips exposed for the least time was somewhat greater than would be predicted using data from longer exposures. Whether the data fit a multiexponential decay was not explored, and data from 1-100 minutes were used to generate a regression line describing a monoexponential decay. The rapid decline in the ability of K + -depolarization to elicit a response demonstrates that Ca 2+ was removed quickly from the extracellular space. That is, within approximately 10 minutes extracellular [Ca 2+ ] was too low to cause appreciable myosin phosphorylation or active stress in K + -depolarized muscle strips.
The average [Ca 2+ ] remaining in the extracellular space of an arterial sheet of uniform thickness placed at time zero in a Ca 2+ -free solution, analyzed using nonsteady-state diffusion equations, 2829 decayed monoexponentially with time (open circles, Figure 3A ). The half-life for depletion of tissue extracellular Ca 2+ was calculated as 1.67 minutes, based on the Ca 2+ diffusion coefficient derived empirically by Keatinge 29 using sheep carotid artery (1.7 X 10~6 cm 2 /sec) and a mean tissue thickness of 500 f i m (see "Materials and Methods"). This value is close to the empirically observed decline in the ability of potassium chloride to increase stress and myosin phosphorylation in rectangular strips of swine carotid artery incubated in Ca 2+free PSS (Figure 3 ). Histamine could significantly elevate myosin phosphorylation and stress after 100 minutes in the Ca 2+free solution, suggesting that histamine mobilized a tightly-bound (intracellular) Ca 2+ pool. Phenylephrine could also activate tissues incubated for over 10 minutes in Ca 2+ -free PSS, although less effectively than histamine.
A. Active Stress
Effect of Caffeine
Caffeine mobilizes Ca 2+ from the sarcoplasmic reticulum of striated 30 and smooth 31 " 34 muscle. Pretreatment of smooth muscle incubated in Ca 2+ -free PSS with high concentrations of caffeine to "deplete" Ca 2+ from the sarcoplasmic reticulum inhibits the ability of agonists to cause contraction under Ca 2+ -free conditions. 32 The experiments illustrated in the top panel of Figure 4 were performed to determine whether the phenylephrine-and histamine-induced contractions in Ca 2+ -free PSS could be attenuated by preexposure of muscle strips to caffeine and thus be associated with a release of Ca 2+ from the sarcoplasmic reticulum. A brief exposure to caffeine in Ca 2+ -free PSS inhibited the subsequent phenylephrine-and histamine-induced contractions by approximately 87 and 50%, respectively (bottom panel, Figure 4 ). Most of this effect was specific, since potassium-chloride contractions were only mildly inhibited (6%) by caffeine preexposure (bottom panel, Figure 4 ). Responses to both agonists in Ca 2+ -free PSS were largely restored after equilibration in normal PSS (bottom panel, Figure 4 , Contraction C).
Activation by Extracellular Ca 2+
The role of extracellular Ca 2+ influx was tested by activating muscle strips after depletion of intracellular Ca 2+ pools. The histamine-releasable intracellular pool of Ca 2+ (putatively Ca 2+ stored in the sarcoplasmic reticulum) was depleted very slowly by incubation of muscle strips in EGTA ( Figure 3 ). However, this pool was rapidly depleted in strips incubated for only 35 minutes in EGTA by sequential histamine stimulations ( Figure 5 ). The "Ca 2+ -depletion" protocol illustrated in Figure 5 was used to accelerate the rate of removal of Ca 2+ from intracellular stores. Ca 2+ was then added with histamine still present in the bathing medium. The continued presence of histamine may have minimized reuptake into intracellular pools. 35 The strips were frozen for analysis of myosin phos- 
Hist
PhE KC1 Protocol for histamine contractions was similar except muscle strips were incubated for 25 minutes rather than 15 minutes before addition of agonist since histamine contractions in Ca 2+ -free PSS were less labile than phenyli ephrine contractions (see Figure 3 ). Maximal stress from contractions A, B, and C is reported in the lower panel. Contraction C demonstrates that little muscle deterioration occurred during the experiment and that contractions in Ca 2 + -free PSS could be largely restored by equilibration in normal.PSS (60-minute wash, W [60']). A similar protocol using potassium chloride as the agonist in normal PSS was adopted to test for nonspecific effects. A brief caffeine pretreatment had little effect on potassium chloride contractions. These data suggest that histamine and phenylephrine may contract swine carotid muscle by mobilizing Ca 2 + from the sarcoplasmic reticulum. Data are means ± 1 SEMfor 4 arteries. The large standard errors are almost entirely due to differences between arteries in agonist-induced stress generating ability. *p<0.05 compared to Contraction A. phorylation at predetermined times during the ensuing contraction produced by Ca 2+ influx. To estimate the amount of time required for Ca 2+ to diffuse from the bathing medium into strips of carotid media, equation 4.17 from Crank, 28 describing onedimensional diffusion into a rectangular slab, was solved. Ca 2+ concentrations at the center of a 500 /urn thick tissue (see "Materials and Methods") exposed at time = 0 to 1.3 mM [Ca 2+ ] were plotted as a function of time using diffusion coefficients derived empirically for the sheep carotid 29 and rat uterus 36 (Figure 6A ). In histamine-activated carotid strips, the Ca 2+ dose-response curve reached an EC 90 at 0.32 mM extracellular Ca 2+ ( Figure 6B ). Assuming that the diffusion coefficient for Ca 2+ in swine carotid media lies between those derived for sheep carotid and rat uterus, data from diffusion calculations suggest that when 1.3 mM Ca 2+ was added to Ca 2+ -depleted tissues in the presence of histamine ( Figure 5 ), extracellular Ca 2+ should reach 90% of the maximally activating Ca 2+ concen- . At time = 0, the tissue was exposed to a solution containing 1.3 mM Ca 2 + . Solid lines are Ca 2 + concentrations calculated at tissue center and edge using diffusion coefficients (D, cm 2 /sec) derived empirically for sheep carotid 29 and for rat uterus. 36 
Panel B illustrates steady-state histamine-induced S/S o as a function of extracellular [Ca 2+ ] (means ± 1 SEM of 3 arteries).
-,-5
10" J 10"-10 E x t r a c e l l u l a r [Ca2 + ] -3 tration at the center of the tissue within about 1.5-7.5 minutes.
The rate of stress development following addition of 1.3 mM Ca 2+ to "Ca 2+ -depleted" tissues was slowed, but active stress reached control values within 5 minutes ( Figure 7A ). This value falls within the range predicted from the diffusion calculations. Addition of Ca 2+ produced a transient in myosin phosphorylation in "Ca 2+ -depleted" tissues that was slow in onset, presumably caused by diffusion delays (Figure 7B , "Ca 2+ -depletion"). During the first 40 minutes (except at 3 minutes) myosin phosphorylation was significantly reduced from control values, despite the fact that stress was not different from control after 5 minutes. When extracellular Ca 2+ was depleted without exposure to histamine to deplete intracellular Ca 2+ pools, 1.3 mM Ca 2+ plus histamine induced rapid increases in myosin phosphorylation and stress, which reached control values within 3 minutes (Figure 7 , EGTA).
Sequential histamine-stimulations in the presence of 1 mM La 3+ produced a response identical to that illustrated in Figure 5 . Washout of La 3+ then caused very weak transient increases in stress and myosin phosphorylation followed by very slow increases to levels that equaled control steady-state values (Figure 7 , "Ca 2+ -depletion" (La 3+ )). Steady-state maximal rates of shortening at zero load (V o ) are closely correlated with levels of myosin phosphorylation in tissues activated by K + -depolarization. 37 Tissues activated by 100 ^iM histamine also exhibit a linear correlation between these two parameters (y = 0.11 X x -0.019; where y = V o (L o /sec) and x = mols phosphate/mol light chain; R 2 = 0.992; n = 4-7). These data demonstrate that changes in myosin phosphorylation produced by receptor-mediated events can also be directly related to changes in average crossbridge cycling rates in the swine carotid media.
The effect of "Ca 2+ -depletion" on the temporal change in myosin phosphorylation and stress produced by Ca 2+ was also tested in the presence of phenylephrine. Strips of tissue were "Ca 2+ -depleted" (Figure 5 ) using histamine, phenylephrine, or caffeine as an agonist or were exposed to 0 mM Ca 2+ + 1 mM EGTA for 35 minutes without stimulation by an agonist. The strips were then incubated in phenylephrine and contracted by addition of 1.3 mM Ca 2+ . The temporal change in myosin phosphorylation and stress produced following activation were compared to that produced in phenylephrine-activated strips that were not pretreated. "Ca 2+ -depletion" by any of the agonists tested or simply by incubation for 35 minutes in Ca 2+free PSS significantly reduced the phosphorylation transient and greatly slowed stress development without affecting steady-state values. Since these responses were very similar, data were pooled ( Figure  8 ). In all four groups that underwent pretreatment, stress increased rapidly to approximately 0.3-0.4 S o and remained relatively unchanged for approximately 10 minutes. Stress then increased slowly to the control value (approximately 0.75 S o ). The slow increase in stress occurred with little detectable change in phosphorylation. Very slow development of stress could also be seen on quick-release following a rapid ramp stretch beyond the yield length in a muscle strip activated with phenylephrine for approximately 60 minutes (Figure 9 ). Using this technique, the rate and extent of stress development was measured subsequent to the initial transient increase in myosin phosphorylation that occurs on muscle activation and at a time when myosin phosphorylation was low. Following the quick-stretch, quick-release, stress redeveloped rapidly to less than 50% of control. A further increase nearly to the control level occurred very slowly.
Discussion
The extracellular tissue space of the swine carotid media was depleted of much of its Ca 2+ within 10 minutes. This was demonstrated indirectly by measuring both mechanical and biochemical indexes of contraction in strips depolarized by K + following exposure to a Ca 2+ -free solution. High K + causes contraction of arterial tissue by increasing myoplasmic Ca 2+ secondary to enhanced transsarcolemmal Ca 2+ influx caused by membrane depolarization. 38 "" Ca 2+ influx produced by K + -depolarization appears to provide sufficient Ca 2+ to strongly activate the contractile system. 41 However, several studies link K + -depolarization with intracellular Ca 2+ stores. For example, K + -depolarization enhances the refilling of agonistreleasable intracellular Ca 2+ , 16 -35 and may initiate Ca 2+ -induced Ca 2+ -release. 42 -43 Although the exact mechanism of K + -depolarization-induced Ca 2+ mobilization is poorly understood, it is clear that contraction due to depolarization is dependent on extracellular Ca 2+ . After extracellular Ca 2+ has been depleted, contraction should only occur if Ca 2+ is mobilized from more tightly bound pools. An analysis of the nonsteady-state diffusion of Ca 2+ from an ideal plane sheet of arterial tissue 500 /urn thick reinforced the empirical observation that the ability of K + to contract tissues exposed to Ca 2+ -free conditions should fall nearly to zero within 10 minutes. Both the amplitude of contraction and the level of myosin phosphorylation produced by histamine or phenylephrine in swine carotid media exposed for var-ious times to Ca 2+ -free PSS decreased exponentially with half-lives that were much greater than would be expected if these agonists mobilized Ca 2+ only from the extracellular space. These data corroborate those found in rabbit ear artery 1444 and rabbit main pulmonary artery. 45 The exact intracellular location of Ca 2+ released on agonist-stimulation is not known. However, a brief preexposure of muscle strips to 20 mM caffeine greatly reduced the ability of histamine or phenylephrine to cause contraction in a Ca 2+ -free solution ( Figure 4 ). Since caffeine causes depletion of Ca 2+ from the sarcoplasmic reticulum of striated and smooth muscle, 30 " 34 these data suggest that histamine and phenylephrine mobilized Ca 2+ from the sarcoplasmic reticulum of swine carotid media.
Phenylephrine appeared to mobilize less Ca 2+ from the sarcoplasmic reticulum than histamine since the levels of myosin phosphorylation and stress produced in Ca 2+ -free PSS or in the presence of La 3+ by a maximum concentration of phenylephrine were much less than those produced by a maximum concentration of histamine. Likewise, phenylephrine was apparently unable to mobilize significant amounts of Ca 2+ from the sarcoplasmic reticulum following caffeine-induced Ca 2+ depletion, whereas histamine could still mobilize enough Ca 2+ to cause relatively strong contractions (Figure 4 ). This may be because the swine carotid media contains fewer a-adrenergic receptors than histaminergic receptors or because stimulus-response coupling mechanisms are most strongly developed in the histaminergic system.
Agonist-induced tonic contractions of smooth muscle are typically associated with tissue transients in myosin phosphorylation, the maximum velocity of shortening, ATP consumption and the level of myoplasmic Ca 2+ as estimated with the photoprotein aequorin.' 9 Aksoy et al 23 demonstrated that the decline in myosin phosphorylation from initial high levels during tonic contraction of swine carotid media was not due to substrate depletion, altered access of myosin light chain kinase or phosphatase to the crossbridge, or to an increase in cAMP levels. Results from the present investigation suggest that a portion of the initial transient increase in myosin phosphorylation was the result of mobilization of Ca 2+ from the sarcoplasmic reticulum and that high control levels of tonic stress could be achieved by Ca 2+ influx after the sarcoplasmic reticulum Ca 2+ was depleted. This interpretation implies that the characteristic decline in myosin phosphorylation during tonic contractions is partly due to the finite supply of Ca 2+ in the sarcoplasmic reticulum, to the transient nature of the signal causing mobilization of Ca 2+ from the sarcoplasmic reticulum, or to efficient removal of Ca 2+ from the myoplasm. The data also suggest that the sarcoplasmic reticulum membrane need not be involved in the fine regulation of tonic, myoplasmic [Ca 2+ ], and steady-state stress.
Histamine and phenylephrine produced strong, tonic contractions in swine carotid media incubated in normal physiological saline solution. These agonists induced transient increases in stress when added to tissues incubated with La 3+ , an agent that blocks Ca 2+ entry by displacing Ca 2+ from cellular binding sites. 4647 Myosin phosphorylation transients slightly preceeded the transients in stress. Under control conditions, where stress was maintained during stimulation of muscle strips with histamine or phenylephrine, myosin phosphorylation initially increased to high levels and then decreased to steady-state values significantly above the basal levels. When Ca 2+ entry was eliminated, however, myosin phosphorylation was only transiently elevated and fell to steady-state levels that were not different from basal values (Figures 1 and 2) .
These data suggest that the sarcoplasmic reticulum does not play a role in the long-term regulation of myoplasmic Ca 2+ in smooth muscle. The role of the sarcoplasmic reticulum may instead be to supply high levels of myoplasmic Ca 2+ transiently for the rapid activation of contraction. This phenomenon was best illustrated in responses to phenylephrine. Under control conditions, the rapid attainment of high levels of stress coincided with transiently high levels of myosin phosphorylation. Depression of the myosin phosphorylation transient by depletion of Ca 2+ from the sarcoplasmic reticulum did not alter the steady-state level of stress produced but decreased the rate of stress development.
Very slow stress development was also observed in a muscle strip that was rapidly stretched from L o to beyond its yield length to break crossbridges, then quickly released back to L o at a time when myosin phosphorylation was low (Figure 9 ). The initial stress development following release may reflect crossbridge attachment by phosphorylated myosin. A near-maximal level of stress was eventually achieved, however, indicating that additional crossbridges were recruited. The much slower rate of stress development may reflect the contribution of latch bridges to the activity of rapidly cycling phosphorylated crossbridges. The slow rate of stress development at low levels of myosin phosphorylation is consistent with results showing that crossbridge cycling rates are proportional to myosin phosphorylation. 182327 The observation that steady-state levels of stress and myosin phosphorylation were identical in muscle strips under control and "Ca 2+ -depleted" conditions is particularly noteworthy. These observations imply that steady-state levels of stress are not dependent on initial levels of myosin phosphorylation. They also suggest that the fine regulation of myoplasmic [Ca 2+ ], which is required in smooth muscle to regulate tonic stress, is dependent on mechanisms involving the sarcolemma.
Data collected at early times during histamine-stimulation also illustrate that Ca 2+ from the sarcoplasmic reticulum may play an important role in the rapid activation of contraction. Initial rates of myosin phosphorylation and stress during muscle activation were greatest in control strips exposed to histamine, followed by muscle strips depleted primarily of tissue (extracellular) Ca 2+ , and least for muscle strips that were treated identically to those depleted of tissue Ca 2+ but which were also depleted of intracellular (sarcoplasmic reticulum) Ca 2+ ("Ca 2+ -depleted"). The rates of myosin phosphorylation and stress developed in Ca 2+ -depleted muscle were theoretically dependent on Ca 2+ diffusion into the tissue. The more rapid increase in myosin phosphorylation and stress produced by muscle strips not depleted of intracellular Ca 2+ , but depleted of tissue (extracellular) Ca 2+ , was presumably achieved by histamine-induced mobilization of Ca 2+ from the sarcoplasmic reticulum. Control tissues were faster yet. Thus, Ca 2+ influx may contribute somewhat to early transients in myosin phosphorylation and stress produced primarily by Ca 2+ released from the sarcoplasmic reticulum. These data corroborate the hypothesis proposed by Watkins and Davidson 48 that release of intracellular Ca 2+ and Ca 2+ influx may occur simultaneously and that both may contribute to early force development.
The data presented here support the concept that mobilization of Ca 2+ from intracellular stores (presumably sarcoplasmic reticulum) by activation of smooth muscle membrane receptors produces an initial transient increase in myoplasmic [Ca 2+ ] to high levels, causing rapid activation of myosin light chain kinase and extensive myosin phosphorylation. Correspond-ingly high rates of crossbridge cycling allow rapid muscle shortening and stress development. The maintenance of high levels of stress is not dependent on initial high levels of myosin phosphorylation and may be regulated by mechanisms associated with sarcolemma Ca 2+ fluxes. Very low levels of myosin phosphorylation appear to produce high levels of stress, although very slowly. Initial high levels of myosin phosphorylation appear to enhance the kinetics of stress development without affecting the steady-state level of stress. In summary, our results imply that the role of the sarcoplasmic reticulum in tonic vascular smooth muscle is to provide an agonist-releasable pool of Ca 2+ , which activates myosin kinase and allows rapid stress development by phosphorylated crossbridges. It appears that steady-state [Ca 2+ ], phosphorylation, and mechanical output reflect regulatory mechanisms involving the sarcolemma.
